Introduction
or emerging during the course of the disease [7] [8] [9] [10] . Insufficient kidney function in multiple myeloma is associated with poor prognosis and increased mortality [7, [11] [12] [13] . Adding to the kidney damage caused by their disease, patients with multiple myeloma may receive treatments that are nephrotoxic, such as chemotherapy, targeted anti-cancer agents, and supportive care such as analgesics, antibiotics, and intravenous (IV) bisphosphonates.
This retrospective study using the Oncology Services Comprehensive Electronic Records (OSCER) electronic medical records database was designed to estimate the prevalence of renal impairment and chronic kidney disease in a current population of patients with multiple myeloma, and to describe the use of nephrotoxic agents (core antimyeloma therapies: doxorubicin, cisplatin, and epirubicin; and supportive care with metoclopramide or intravenous bisphosphonates including zoledronic acid or pamidronate) in these patients.
Materials and Methods

Study design and patients
This was a retrospective observational cohort study using the OSCER database [11] which includes electronic medical records for over 750,000 patients from over 200 outpatient practice groups across the US from 2004 to present day. Eligible patients in the OSCER database had a first diagnosis of multiple myeloma (ICD-9CM: 203.0x), defined as the index date, between January 1, 2012 and March 31, 2015. Patients were ≥18 years of age at the index date. Exclusion criteria included a history of multiple myeloma during the 6 months prior to the index date (baseline period), solid tumor diagnosis (neoplasm) (ICD9-CM: 140.xx-165.xx, 170.xx-176.xx, 179.xx-208.xx, 210.xx, 239.xx), end-stage renal disease and/or dialysis at baseline. Patients' demographic and clinical characteristics were collected for the 6-month baseline period prior to the index date. The follow-up period for each patient started at the first diagnosis of multiple myeloma (the index date) and continued until death (if documented), the last record of any kind captured for the patient, or June 30, 2015.
Endpoints
For the primary analysis of the prevalence of renal impairment, patients were required to have ≥1 serum creatinine value recorded on or after the index date. Serum creatinine values were used to calculate estimated glomerular filtration rate (eGFR) using the Chronic Kidney Disease Epidemiology Collaboration equation). Renal impairment was defined as a single occurrence of eGFR <60 mL/min per 1.73 m 2 on or after the diagnosis of multiple myeloma. The time to renal impairment was determined by the number of months from the diagnosis of multiple myeloma to the qualifying eGFR value.
Chronic kidney disease was defined as the presence of at least two eGFR values <60 mL/min per 1.73 m 2 after the diagnosis of multiple myeloma that had been measured at least 90 days apart [12] . The prevalence of chronic kidney disease was calculated as the proportion of patients with the event at any time among all patients who had fulfilled the testing criteria as defined in the previous sentence. Chronic kidney disease prevalence was also described in patients with renal impairment. The time to chronic kidney disease was determined by the number of months from the diagnosis of multiple myeloma to the first as well as to the confirming (second) test.
The prevalence of renal impairment and chronic kidney disease were also described in the first 6 months and first 12 months after the diagnosis of multiple myeloma. These analyses were evaluated based on patients with the requisite serum creatinine values available, qualifying them for the event within the time period and over the full study follow-up period. Sensitivity analyses included the prevalence and time to event of renal impairment or chronic kidney disease in all patients, regardless of the availability of serum creatinine values. Time to renal impairment was also calculated for the subset of patients who did not have renal impairment at baseline.
The use of nephrotoxic agents including core antimyeloma therapies (doxorubicin, cisplatin, and epirubicin) and supportive care (metoclopramide; intravenous bisphosphonates, zoledronic acid or pamidronate) was described before and after either the first lowest post diagnosis eGFR value (in the case of renal impairment) or the confirming eGFR value (in the case of chronic kidney disease). Usage of these nephrotoxic agents was calculated before and after the lowest eGFR during the study period by the eGFR category (<15, 15-29, and 30-59 mL/min per 1.73 m 2 ) [13] . For sensitivity analyses among patients with renal impairment, use of nephrotoxic agents before and after the lowest eGFR was assessed in the subgroup of patients that did not have improvement in renal function after the lowest eGFR during the followup period of up to 12 months.
Statistical methods
All analyses were descriptive. Kaplan-Meier methodology was used to assess the time to renal impairment and chronic kidney disease from the diagnosis date of multiple myeloma. As a sensitivity analysis, the Kaplan-Meier analysis was conducted excluding the patients with baseline renal impairment.
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Results
Patients
The OSCER database contained 12,472 patients with a diagnosis of multiple myeloma of which 12,370 met the eligibility criteria (Fig. 1) . Of the eligible patients, 8767 had a serum creatinine value recorded after the diagnosis of multiple myeloma and 6813 had two serum creatinine values recorded after diagnosis that were at least 90 days apart. An additional 745 patients had an eGFR value recorded in the database, but were lacking a serum creatinine value; these patients were not included in the analyses because the method used to calculate eGFR was unclear. During the baseline period (the 6-month period before the diagnosis of multiple myeloma), slightly more than half (54%) of the population with at least one post diagnosis serum creatinine value were men, 62% were Caucasian and 13% were African American, and the mean (SD) age was 69 [11] years (Table 1) . Patients with unknown race/ethnicity (12%) were assumed to be nonAfrican American for their individual eGFR calculation. This assumption was based on the observed overall racial distribution of the study population (13% African American and 75% non-African American). All geographic regions of the United States were represented in the sample, although patients were concentrated in the West North Central region (Iowa, Kansas, Minnesota, Missouri, North Dakota, Nebraska, South Dakota; 39% of patients), reflecting the distribution of OSCER sites across the nation. In the subset of patients with an available baseline serum creatinine value (N = 2835), the mean (SD) baseline eGFR was 65 (24) mL/min per 1.73 m 2 . The median (range) number of eGFR values calculated was 8 (1, 43) during the first 12 months of follow up and 10 (1, 79) at any time during the follow-up period. The median (range) total follow-up time for the study was 14.3 (0.0, 43.0) months after the diagnosis of multiple myeloma.
Prevalence of renal impairment
A total of 8767 patients had at least one serum creatinine value recorded after the diagnosis of multiple myeloma Table 2 ). The median (95% CI) time from diagnosis of multiple myeloma to renal impairment was 6.4 (5.8, 7.0) months ( Fig. 2A) . In patients with an available serum creatinine value and no renal impairment at baseline (N = 7592), the median (95% CI) time to renal impairment was 10.7 (9.8, 11.6) months (Fig. 2B) .
Forty-seven percent (N = 4159 of 8767) of those with at least one serum creatinine measurement at any time during the study experienced renal impairment within 6 months of the multiple myeloma diagnosis and 54% (N = 4725) experienced renal impairment within twelve months of the diagnosis. For patients with at least one serum creatinine value recorded during the respective time period (i.e., those in whom renal impairment could have been detected), the prevalence of renal impairment was 53% (N = 4159 of 7915) within 6 months of diagnosis and 57% (N = 4725 of 8365) within 12 months of diagnosis.
Among all 12,370 patients who met the eligibility criteria (diagnosis of multiple myeloma, at least 18 years of age, and did not have end-stage renal disease), regardless of the availability of serum creatinine values, the prevalence of renal impairment was 43% (95% CI: 42, 44) detected a median 13.1 months (95% CI: 12.2, 14.2) after the multiple myeloma diagnosis ( Fig. 2A) . Considering only those who did not have renal impairment at baseline (N = 11,121), the median (95% CI) time to renal impairment was 19.7 (18.3, 21.4) months (Fig. 2B) .
Prevalence of chronic kidney disease
A total of 6813 patients had at least two serum creatinine values recorded at least 90 days apart after the diagnosis of multiple myeloma and could be evaluated for the primary analysis of the prevalence of chronic kidney disease. Fifty percent (N = 3399; 95% CI: 49, 51) of these patients experienced chronic kidney disease during their follow up (Table 2) . Twenty-seven percent (N = 1830) had detectable chronic kidney disease within 6 months and 39% (N = 2676) had detectable chronic kidney disease within 12 months after the diagnosis of multiple myeloma. For patients with at least two available serum creatinine values at least 90 days apart during the requisite period, the prevalence of chronic kidney disease was 37% within 6 months and 43% within 12 months after diagnosis of multiple myeloma. The prevalence of chronic kidney disease over the entire follow-up period (unique for each patient) in all eligible patients (N = 12,370) regardless of the availability of serum creatinine values was 28% (sensitivity analysis). Among the 5334 patients with renal impairment, 3399 (80%) had evidence of chronic kidney disease over the course of follow up.
The median (95% CI) estimated time to chronic kidney disease after the diagnosis of multiple myeloma was 15.8 (13.6, 18.5) months to the first of the two required eGFR values (Fig. 2C ) and 18.0 (16.9, 19.2) months to the second (confirmatory) eGFR value (Fig. 2D) . Note that the initial flat line of the first curve reflects the 90-day period in which no events can occur by definition.
Usage of nephrotoxic medications (doxorubicin, metoclopramide, cisplatin, epirubicin, intravenous bisphosphonates)
In the 5334 patients with renal impairment, the use of nephrotoxic agents or specifically bisphosphonates did not notably change from before the lowest eGFR value (median time from diagnosis of multiple myeloma, 8.3 months) (Table 3) . However, in patients with severe renal impairment (eGFR <15 mL/min per 1.73 m 2 ), reduced use of these agents was observed after the lowest eGFR (nephrotoxic agents from 27% before to 23% after; bisphosphonates from 23% before to 15% after). Decreases after the lowest eGFR were also observed in the group with eGFR 15-29 mL/min per 1.73 m 2 (nephrotoxic agents from 38% to 34%; bisphosphonates from 35% to 30%) ( Table 3 ). In the subgroup of patients with renal impairment who did not experience chronic kidney disease stage improvement after the lowest eGFR value (N = 1463), the use of any nephrotoxic agent prior to the lowest eGFR was reduced within the 12 months after the lowest eGFR (38% vs. 29%, respectively, for all renal function categories); however, in the lowest renal function categories, the reduction of nephrotoxic agents use was halved (41% vs. 20%, respectively, in 264 patients with eGFR 15-29 mL/min per 1.73 m 2 , and 18% vs. 9%, respectively, in 170 patients with eGFR <15 mL/min per 1.73 m 2 ). Similarly, in this same subgroup, use of IV bisphosphonates before and after the lowest eGFR value was 38% and 29%, respectively, overall, while use was halved in the lower renal function categories (41% vs. 20% in those with eGFR 15-29 mL/min per 1.73 m 2 , and 17% vs. 9%, respectively, in those with eGFR <15 mL/min per 1.73 m 2 ).
Among the 3399 patients with chronic kidney disease, 1537 (45%) received any nephrotoxic agent before the confirming eGFR, while 1567 (46%) received it within 12 months after the confirming eGFR (median follow-up time, 10.0 months). Similarly, 1466 (43%) patients received an IV bisphosphonate prior to their confirming eGFR value, while 1441 (42%) received them within the 12 months after the confirming eGFR. In contrast to the patients with renal impairment, the use of either any nephrotoxic agent or bisphosphonate remained similar before and after the confirming eGFR value in all eGFR categories (30-59, 15-29, <15 mL/min per 1.73 m 2 ) in those with chronic kidney disease.
Discussion
This retrospective study of 12,370 patients with multiple myeloma showed a high prevalence of both renal impairment and chronic kidney disease (61% and 50%, respectively) in patients treated in oncology clinics in the US between 2013 and 2015 (OSCER cancer database). Furthermore, the onset of both conditions was rapid, with a 6-month prevalence of 47% for renal impairment and 27% for chronic kidney disease after the multiple myeloma diagnosis. These results, which were observed in a recent population with newly diagnosed multiple myeloma using the current standard definitions for renal impairment and chronic kidney disease, are comparable to or higher than the prevalence reported in older datasets dating from the 1970s, 1980s, and 1990s [7] [8] [9] [10] . eGFR, estimated glomerular filtration rate; IV BP, intravenous bisphosphonate. 1 In the total patient sample (N = 8767). 2 Patients not required to have 12 complete months of follow up. 3 Percentage among all patients with at least two eGFR values at least 90 days apart (N = 6813).
We observed that onset of renal impairment occurred within a median 6 months following the diagnosis of multiple myeloma while the onset of chronic kidney disease occurred within a median 18 months, with 80% of those with renal impairment subsequently showing evidence of chronic kidney disease. In patients who did not have renal impairment at baseline, the onset of renal impairment was slightly slower (median 10.7 months). We therefore conclude that renal impairment is prevalent with a rapid onset in those with newly diagnosed multiple myeloma, and the majority of those with renal impairment progress to chronic kidney disease.
Despite the presence of renal impairment, a substantial proportion of patients nevertheless received nephrotoxic agents (predominantly bisphosphonates). Anticipation or realization of some measure of renal function improvement after myeloma treatment may explain the continued use of nephrotoxic agents after the lowest eGFR (i.e., the worst renal function experienced by the patients during their observation period); however, despite treatment, almost 20% of patients still do not show improvement in renal function [14] . This lack of renal recovery is believed to be multifactorial, including lack of response to treatment. We observed that only patients in the two most severe renal impairment categories (eGFR <15 mL/min and 15-29 mL/min per 1.73 m 2 ) had reduced use of nephrotoxic agents and bisphosphonates after the lowest eGFR. These results highlight the unmet need in patients with multiple myeloma, who, despite the presence of renal impairment, continued to receive bisphosphonate treatment to maintain bone health in the absence of a non-nephrotoxic treatment choice. In the subgroup of patients who did not have improvement in renal function after the lowest eGFR, use of these agents was mostly halved, indicating that the unmet need in this population is even greater, as they could not continue use of nephrotoxic anti-myeloma agents or intravenous bisphosphonates. Similarly in the subset of patients without chronic kidney disease stage improvement after the lowest eGFR, both nephrotoxic agent use and bisphosphonate use were halved after renal impairment in patients in the two lowest eGFR categories.
Kidney function is expected to improve with the novel multiple myeloma therapies; however, a recent study demonstrated that even when patients with newly diagnosed multiple myeloma experienced resolution of their renal impairment upon myeloma treatment, survival outcomes remained worse compared to the population without renal impairment [14] . Therefore, our results suggest that more attention should be placed on the avoidance of nephrotoxic drug use in this setting, including a consideration of alternatives to bisphosphonates.
The limitations of this study include those common in observational research and retrospective databases, such as potential misclassification in diagnosis codes and laboratory results. In our dataset, socio-demographics such as gender, race, and region were well populated, but comorbidities were not fully captured through ICD9 codes. The OSCER database records the experience of the patients treated primarily at oncology/hematology clinics, which may affect the generalizability of the results to patients treated in other settings. A minimum of one serum creatinine record after multiple myeloma diagnosis was required for inclusion in the primary analysis cohort, resulting in the exclusion of 3603 (29%) of eligible patients in the OSCER database. We are unable to determine whether these patients were not receiving renal assessment, or whether the renal assessment was occurring outside the oncology practice. Since patients with poor renal function may have received more frequent renal assessment, selection bias may have been introduced by the requirement for a serum creatinine value. To address this potential bias, we calculated renal impairment and chronic kidney disease prevalence including all 12,370 patients, and both remained high. The assumption that those with unknown race were non-African American for the eGFR calculation was based on the racial distribution of the overall sample; however, if this assumption was incorrect, results could have been biased toward higher prevalence of renal impairment, since the eGFR of African Americans is lower than non-African Americans. We excluded patients with evidence of end-stage renal disease because these patients represent a unique population that is likely to receive different treatment at baseline. Although patients with end-stage renal disease were previously reported to represent 9% of the multiple myeloma population) [8] , in the newly diagnosed myeloma population in our study, only 96 patients (0.8%) were excluded due to end-stage renal disease; therefore, the impact on the calculation of the prevalence of renal impairment in our study would have been negligible. The time-to-event analyses are subject to detection bias due to the lack of patient history prior to the diagnosis of multiple myeloma; thus, patients may have fulfilled the definitions of renal impairment and/or chronic kidney disease earlier than indicated by their post diagnosis records. A final limitation of the study was the difficulty in assessing use of non-steroidal anti-inflammatory drugs, an additional type of nephrotoxic agent used in the myeloma population. Due to frequent over the counter use, these agents are under-reported in the oncology practice electronic medical records and cannot be accounted for reliably.
Future studies, such as determination of the economic burden of renal impairment in multiple myeloma and the impact of renal impairment on anti-myeloma treatment patterns, could contribute to a better understanding of the burden of renal impairment in the multiple myeloma population.
Y. Qian et al. Renal Impairment and Nephrotoxic Agents in Myeloma
Conclusion
The prevalence of both renal impairment and chronic kidney disease was high in patients with multiple myeloma, affecting 61% and 50%, respectively, of patients in the OSCER cancer database in the US for the period 2012 to 2015. The onset of renal impairment was rapid after the multiple myeloma diagnosis; however, 40% of these patients nevertheless received concomitant nephrotoxic agents, most of which were intravenous bisphosphonates. As renal impairment is associated with reduced survival and may affect clinical management, preservation of renal function is critical, and non-nephrotoxic alternatives are warranted where possible in managing the multiple myeloma population.
